® 



J 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets 



© Publication number: 



0 391 641 B1 



0 



EUROPEAN PATENT SPECIFICATION 



© Date of publication of patent specification: 10.08.94 © Int. CI. 5 : G05B 19/41 
© Application number: 90303504.6 
@ Date of filing: 02.04.90 



© Computerized ply pattern generation. 



® Priority: 03.04.89 US 332084 

® Date of publication of application: 
10.10.90 Bulletin 90/41 

© Publication of the grant of the patent: 
10.08.94 Bulletin 94/32 

© Designated Contracting States: 
DE FR GB IT 

© References cited: 
WO-A-87/07538 
US-A- 4 750 965 



QQ 
CO 

W 

co 

Note: Within nine months from the publication of the mention of the grant of the European patent, any person 
® may give notice to the European Patent Office of opposition to the European patent granted. Notice of opposition 

shall be filed in a written reasoned statement. It shall not be deemed to have been filed until the opposition fee 
UJ has been paid (Art. 99(1) European patent convention). 



<73> Proprietor: GENERAL ELECTRIC COMPANY 
1 River Road 

Schenectady, NY 12345(US) 

© Inventor: Wang, Weiping 
739 Downing Street 
Schenectady, New York 12309(US) 
Inventor: Beck, james Michael 
Box 225A, RDI 

Elizaville, New York 12523(US) 

© Representative: Pratt, Richard Wilson et al 
London Patent Operation 
G.E. Technical Services Co. Inc. 
Essex House 
12/13 Essex Street 
London WC2R 3AA (GB) 



Rank Xerox (UK) Business Services 

(3.10/3.09/3.3.3) 



1 



EP 0 391 641 B1 



2 



Description 

This invention relates to a method of producing 
ply patterns for manufacturing industrial parts, and 
more particularly to a computerized process based 
on solid modeling. 

Aircraft engines parts made of carbon-fiber 
composite material are appearing in new, light 
weight, high performance designs. One process for 
making these parts requires pressure molding. A 
kit of plies that are impregnated with resin is cured 
first in an amidization mold and then in a pressur- 
ized mold. One heated press which cures the res- 
in-containing workpiece by heating according to a 
given temperature schedule and changing from low 
to high pressure after the start of resin cross linking 
is described in U.S. Patent 4,773,021, LP. Harris 
and R.K. Upadhyay, "Adaptive Model-Based Pres- 
sure Control and Method of Resin Cure". A stack 
of prepreg plies, cut from flat sheets of pre-impreg- 
nated material, must exactly fill the mold if part 
weakness due to resin-rich or resin-poor regions 
are to be avoided. Calculating the shapes of the 
individual ply patterns, for a complex part such as 
a guide vane or airfoil, is currently a labor inten- 
sive, time consuming process requiring many itera- 
tive attempts. 

The prior method of calculating the shape of 
uniform thickness plies for making a precision solid 
part without any interior passages was to manually 
draw iso-thickness contours on a physical model. 
Contours are obtained by folding a sheet of Mylar® 
plastic or paper to the surface of the model. A C- 
shaped micrometer with drawing pencils at the two 
ends of the opening is used as a tracing tool. The 
opening is set at a desired thickness and the part 
is manipulated to fit between the opening to trace 
out a contour. The sheet is removed from the 
model and unfolded, and the contours traced at 
various levels of thicknesses become ply patterns. 

The result of this manual method is subject to 
a number of errors. For example, the gauged open- 
ing in theory is not the true thickness of a curved 
object, and the result further varies according to 
the skill of driving the tool. The flexible plastic or 
paper sheet does not deform and fold in the mold 
the same as the prepreg ply, thus ply patterns 
calculated with the plastic or paper sheet are inac- 
curate. This method is further complicated because 
iterative steps do not always improve the result. 
The adjustment of stacked plies is basically guess- 
work as the operator cannot accurately locate 
where and by how much the adjustments should 
be made. Consequently, many trial and error runs 
may be needed to obtain a set of ply patterns for 
production. It is essential to have an accurate ply 
shape and to put it in the right place as the plies 
are stacked manually. 



Solid modeling is a good approach for the 
computerized representation of geometry. One 
scheme used in solid modeling is constructive solid 
geometry, in which a set of primitives, such as 

5 blocks, cylinders, spheres, cones and other solids 
bounded by quadric surfaces, and a set of con- 
structive operators, e.g. union, difference and inter- 
section, are used to create an object of com- 
plicated shape. There are many solid modeling 

70 systems, but a preferred solid modeler is General 
Electric's TRUCE because it is highly accurate and 
can be used for manufacturing purposes. For more 
information, refer to U.S. Patent 4,618,924 - J.K. 
Hinds. 

75 WO-A-88/081 66 discloses a computerized ply 

pattern generation process to be used in the manu- 
facture of industrial parts by stacking and joining a 
plurality of plies, and appears to disclose the provi- 
sion of a 3-dimensional solid model into nested 

20 shells each having a thickness approximately equal 
to the net thickness of the plies and determining 
contours of the patterns which are the boundaries 
of the respective plies. 

According to the invention there is provided a 

25 computerized ply pattern generation process to be 
used in the manufacture of industrial parts by 
stacking and joining a plurality of plies comprising 
providing, in a computer, a 3-dimensional solid 
model of the part and a mid-surface thereof; de- 

30 composing said part model into nested shells each 
having a thickness approximately equal to the net 
thickness of the plies; and characterized by unfol- 
ding said shells in sequence to respective planar 
patterns using a surface development procedure; 

35 and determining contours of the planar patterns 
which are the boundaries of the respective plies. 

In an embodiment of the invention, once the 
contours are determined, the plies may be cut out 
from a flat flexible sheet of a given material and 

40 stacked. The decomposing step may comprise de- 
riving two sets of the nested shells, one on either 
side of the mid-surface, and the steps of unfolding 
to planar patterns and determining contours are 
performed for both sets. 

45 Preferably, the providing step includes deter- 

mining the location of first and second curved outer 
surfaces and decomposing said part model into 3- 
dimensional shells including calculating distances 
from said outer surfaces to said mid-surface at a 

so network of points and producing contours of said 
shells by interpolating along said distances; said 
unfolding step includes dividing every shell surface 
into 3-dimensional patches which are mapped to 2- 
dimensional unfolded surfaces and aligned. 

55 The outer surfaces may be doubly curved and 

the developing step may then comprise integrating 
along patch borders and adjusting initial conditions 
to ensure that end points of different integration 
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paths converge. Other procedures used as needed 
are trimming surfaces outside the boundaries of the 
ply, and deforming patch borders and merging to 
form a continuous ply. 

The illustrative embodiments described 
hereinafter automatically generate patterns for 
manufacturing composite parts with pre-impregnat- 
ed plies which are stacked and then pressed and 
cured in a mold. Aircraft engine parts including 
airfoils, vanes and blades may be made with this 
process. The illustrative embodiments replace the 
manual calculation of ply patterns with a computer- 
ized, automated process that takes much less time; 
produce more accurate ply patterns that yield bet- 
ter quality composite parts, and other parts manu- 
factured by stacking and joining plies; and/or con- 
siderably simplify and reduce the lead time of 
manufacturing complexly shaped industrial parts 
such as those with doubly curved surfaces. 

For a better understanding of the present in- 
vention reference will now be made by way of 
example to the accompanying drawings, in which: 
Fig. 1 is an isometric view of an airplane engine 
composite part made by stacking and pressure 
molding a large number of pre-impregnated 
plies. 

Fig. 2 is a plan view of ply patterns generated 
by the automated process, shown in their stack- 
ing positions. 

Fig. 3 is a schematic cross section through a jet 
engine blade showing the layers of prepreg 
plies as loaded into a mold cavity. 
Fig. 4 is a flowchart of the ply pattern automa- 
tion. 

Fig. 5 is a cross section through the part taken 
on line 5-5 in Fig. 1 and illustrates computation 
of the thickness contour by sampling the dis- 
tances from points on the outer surface to the 
mid-surface. 

Fig. 6 shows a 3-dimensional surface model of 
the airfoil in Fig. 1 , which consists of patches. 
Fig. 7 shows the surface in Fig. 6 after surface 
development, as an unfolded 2-dimensional sur- 
face. 

Figs. 8a and 8b illustrate a surface development 
procedure to convert a 3-dimensional surface S 
into a planar surface Q. 

Fig. 9 illustrates adjusting initial conditions to 
ensure the end points of integration path 1 and 
path 2 converge. 

Fig. 10 show typical cases of contours outside a 
region; dotted curve segments represent the 
portion to be trimmed. 

Fig. 11 illustrates deforming the borders to 

merge two faces into a single ply. 
The composite part 20 shown in Fig. 1 is 
typical of the complex shapes of aircraft engine 
components and demonstrates the advantages of 



generating ply patterns by a computerized method. 
This is a stator vane component, about 14 inches 
in length, and has a central blade or airfoil section 
21 and curved ends 22 and 23 that are mounted on 

5 inner and outer shrouds. The airfoil section has 
doubly curved surfaces and both end sections are 
singly curved. The ply patterns 24 generated by 
the automated process are shown in Fig. 2 in their 
stacking positions. The patterns are cut out from a 

70 flat sheet of pre-impregnated material having a 
thickness of about 10 mils, and stacked one on top 
of the other in the order shown by the numbers on 
the right. The first two characters indicate the 
stacking sequence, and the third character des- 

75 ignates the side of the mold to be placed. The 
fourth character is used for separate pieces in one 
ply. Another A set of 50 plies, having ply patterns 
that are different from those of the B set, are 
provided for the other half of the mold. The mold 

20 cavity has the same shape as the part being manu- 
factured. After being pressed and cured in an auto- 
clave or heated press such as that in US Patent 
4,773,021, the disclosure of which is incorporated 
herein by reference, the result is the part in Fig. 1. 

25 Fig. 3 is a cross section of an aircraft engine 

blade 25 showing the two sets of pre-impregnated 
plies 26 before pressing and curing in a mold. To 
assure the highest strength component, largest 
area plies are on the outside and the size of the 

30 plies decreases toward the center. 

Solid modeling is used in this process to de- 
compose a 3-dimensional part into nested shells, 
the thickness of each shell being equal to the net 
thickness of the pre-impregnated sheet material. 

35 Each shell is developed or laid flat into a planar 
surface. In general, a surface to be laid flat is non- 
developable and will have non-zero Gaussian cur- 
vature and cannot be laid flat without distortion. 
Pattern calculation thus require modeling the de- 

40 formation of the process. Developable surfaces 
such as a cylinder by contrast can be unfolded and 
laid flat without distortion. 

The flow chart in Fig. 4 gives the steps in an 
automated ply pattern generation process. The first 

45 step 27 is to provide, in a computer, a 3-dimen- 
sional solid geometric model of the part. The tech- 
niques of constructing a solid model, using the 
TRUCE (Tri-dimensional Rational Unified Cubic En- 
gine) and other solid modelers, are well established 

50 and described in the literature. A description of the 
mid-surface and outer surfaces of the part are also 
provided. Steps 28-30 are computing iso-thickness 
contours on the curved surface, and unfolding or 
developing the surface and mapping contours to 

55 the unfolded surface. Steps 31 and 32 may not be 
essential to every ply pattern generation process 
but are often required for a complexly shaped part. 
These are to trim the contours that are outside a 
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face or a portion of a surface of the part, and 
match and join the developed surfaces across adja- 
cent faces on the part. Steps 30-32 are repeated 
for each ply. The final step 33 is cutting out the ply 
patterns from pre-impregnated sheets and the 
layup or stacking of the flat plies. The result is a kit 
of plies to be loaded into the mold cavity. 

Decomposing the part model into nested shells 
is explained with reference to Fig. 5, which shows a 
cross section of the airfoil 21 and its outer curved 
surfaces 34 and 35 and curved mid-surface 36. To 
determine the boundary of the plies in 3-dimen- 
sional space, iso-thickness contours on the airfoil 
are computed. This is done by calculating the 
distance from an outer surface to the mid-surface. 
A network of points 37 are sampled from the outer 
surface and shortest distances 38 are calculated 
from each point to the mid-surface 36. The con- 
tours or shell boundaries are produced by inter- 
polating along the sampled distances 38; this is 
illustrated schematically by the short dashed lines 
39. The same procedure decomposes both singly 
curved end sections 22 and 23 of the part into a 
large number of nested shells. 

Unfolding or developing the shells in sequence 
to planar patterns using a surface development 
procedure is explained referring to Figs. 6 and 7. 
This comprises dividing every shell surface into 3- 
dimensional patches which are mapped to 2-di- 
mensional unfolded surfaces and aligned. Fig. 6 
shows a 3-dimensional surface model of a shell 40 
in the airfoil section which consists of patches 41. 
The cubic spline patches have different sizes and 
are typically rectangular. Fig. 7 shows an unfolded 
2-dimensional shell surface 40' and the unfolded or 
developed patches 41'. The division of shells in the 
end sections 22 and 23 (Fig. 1) into patches is not 
illustrated, but these patches are narrow and long, 
running the full length of the end section. 

Figs. 8a and 8b illustrate that if there is a curve 
on a 3-dimensional patch, mathematically one can 
get a corresponding 2-dimensional curve on a 2- 
dimensional surface. 

The method for surface development is more 
particularly as follows. Given a patch S: 

x = x(u,v) (1) 

y = y(u,v) (2) 

z = z(u,v) (3) 

where 0^u,v^1, as a subset of the surface, let the 
planar development Q be 

X = X(u,v) (4) 

Y = Y(u,v) (5) 



Considering a curve C: 
u = u(t) (6) 

5 

v = v(t), (7) 

the mappings of C on S and Q should have the 
identical geodesic curvature K g . Thus, the curve on 
70 the planar development Q can be determined by 
the differential equations: 

Y"-K g X' = O (8) 

75 X" + K g Y' = O (9) 

The system of equations is solved numerically by 
using a Runge-Kutta integration method, with initial 
conditions: X(0), Y(O),X'(0), and Y'(0). 
20 The geodesic curvature K g can be calculated 

with the following formula: 

Kg = N • (C x C")/(s') 3 (10) 

25 where N is the surface normal, C and C" are the 
first and second derivatives of the curve, respec- 
tively, and s' is the algebraic value of C. 

The curves on the 3-dimensional surface and 
the corresponding 2-dimensional curves that are 

30 derived are actually those defining the patch bor- 
ders, and this is done curve by curve. The proce- 
dure further comprises integrating along the patch 
border to obtain the surface development. At patch 
corners, the isometric property is used to 

35 reestablish new conditions. Fig. 9 shows a single 
patch and, on the left, that integrating from one 
corner in opposite directions yields separate end 
points E and E' for integration paths (1) and (2). 
Since surfaces with non-zero Gaussian curvature, 

40 in theory, are not developable, the integration will 
not have a consistent end point if different paths 
are followed. To compensate for the deviation, ini- 
tial conditions are modified at the corners of in- 
tegration paths so that E = E' as illustrated at the 

45 right side of the figure. This results in a smoothly 
distributed strain when the plies are put in the 
mold. 

The foregoing development procedures are 
adequate for many industrial parts, but for com- 

50 plexly shaped parts such as that in Fig. 1 with 
singly and doubly curved surfaces that intersect, 
additional operations may be required. An iso-thick- 
ness contour encloses some or all of a face, which 
is part of a surface with boundaries. It may also 

55 extend beyond the boundary of the face. The re- 
gion of interest for defining a ply is thus the region 
enclosed by the iso-thickness contours and the 
face boundaries. The boundary of a face is its 



4 



7 



EP 0 391 641 B1 



8 



intersection with adjacent faces. The intersection 
curves are computed by the following steps. First, 
points which are on the intersection of both faces 
are determined. Then, these points of intersection 
are mapped onto both faces to obtain their para- 
metric coordinates on each face. Therefore, each 
point is associated with 3 sets of coordinates, 
namely, Cartesian coordinates and two sets of 
parametric coordinates on the two adjacent faces. 
Finally, these points are sorted into intersection 
curves for trimming and merging procedures as 
follows. 

An iso-thickness contour extending beyond the 
face is trimmed by removing sections that are 
outside the boundary of the face. Figs. 10a,b,c 
show a face and iso-thickness contour curves that 
extend onto the face. "Inside" and "outside" sense 
is determined by the path direction of the contour 
boundary curves. As illustrated, when the boundary 
is traced in the counter-clockwise direction, "in- 
side" is on the left-hand side of the path. The 
resulting plies are shown in crosshatching, and the 
dotted curve segments represent the portion that is 
trimmed. 

Fig. 11 relates to deforming the borders to 
match two faces A and B into a single ply. Across 
the boundaries of two adjacent faces there exists 
discontinuities of the geodesic curvature. In gen- 
eral, except for planar faces, the planar develop- 
ment of two adjacent faces does not match. In a 
joining or merging procedure, the developed faces 
A and B are further deformed to match each other 
as shown in the figure at a set of control points on 
the boundary curve. 

Although the illustrative embodiments are ply 
patterns for aircraft engine composite components, 
the invention is applicable to other composite com- 
ponents and in general to parts made by stacking 
and joining or consolidating a plurality of plies. 

The foregoing mathematical terms have their 
usual meaning as given in references such as the 
International Dictionary of Applied Mathematics, 
1960, D. Van Nostrand Company, Inc. and Hand- 
book of Mathematics, Bronshtein and Semen- 
dyayev, 1985, Van Nostrand Reinhold Company. 

Claims 

1. A computerized ply pattern generation process 
to be used in the manufacture of industrial 
parts (20) by stacking and joining a plurality of 
plies (26) comprising providing (27), in a com- 
puter, a 3-dimensional solid model of the part 
and a mid-surface (36) thereof; 

decomposing (28) said part model into 
nested shells (40) each having a thickness 
approximately equal to the net thickness of the 
plies; and CHARACTERIZED BY unfolding (29) 



said shells in sequence to respective planar 
patterns using a surface development proce- 
dure; and 

determining (30) contours of the planar 
5 patterns which are the boundaries of the re- 

spective plies. 

2. The process of claim 1 wherein said decom- 
posing comprises deriving two sets of the 
70 nested shells (40), one set on either side of 

said mid-surface (36), and said unfolding to 
planar patterns and determining contours is 
performed for both sets. 

75 3. The process of claim 1 further comprising cut- 
ting out the plies from a flexible flat sheet of 
material and stacking the plies. 

4. The process of claim 1 wherein every shell has 
20 a surface which is divided into patches, and 

said surface development procedure com- 
prises integrating along patch borders and ad- 
justing initial conditions to ensure that end- 
points of different integration paths converge. 

25 

5. The process of claim 1 wherein the providing 
step includes determining the location of first 
and second curved outer surfaces (34,35) and 
decomposing said part model into 3 dimen- 

30 sional shells (40) including calculating dis- 

tances (38) from said outer surfaces to said 
mid-surface at a network of points and produc- 
ing contours of said shells by interpolating (39) 
along said distances; said unfolding step in- 

35 eludes dividing every shell surface into 3-di- 

mensional patches (41) which are mapped to 
2-dimensional unfolded surfaces (41') and 
aligned. 

40 6. The process of claim 5 wherein said outer 
surfaces (34,35) are doubly curved and said 
developing comprises integrating along patch 
borders and adjusting initial conditions to en- 
sure that end points of different integration 

45 paths converge. 

7. The process of claim 6 further comprising trim- 
ming surfaces outside the boundary of every 
ply. 

50 

8. The process of claim 7 further comprising de- 
forming the patch borders and merging to form 
a continuous ply. 

55 9. The process of claim 1 where said shells (40) 
all have the same thickness. 
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10. The process of claim 1 further comprising cut- 
ting out the ply patterns from flat sheets of 
preimpregnated material and stacking the 
plies. 

PatentansprUche 

1. Computerisiertes Lagenmuster-Erzeugungsver- 
fahren, das bei der Fertigung von industriellen 
Teilen (20) zu verwenden ist, durch Stapeln 
und Verbinden mehrerer Lagen (26), enthal- 
tend: 

Bereitstellen (27) eines dreidimensionalen 
Festkorpermodells des Teils und einer Mittel- 
flache (36) davon in einem Computer, 

Zerlegen (28) des Teilemodells in ver- 
schachtelte Schalen (40), die jeweils eine Dik- 
ke etwa gleich der Nettodicke der Lagen ha- 
ben, und gekennzeichnet durch 

Ausklappen (29) der Schalen in einer Fol- 
ge entsprechend planaren Mustern und Ver- 
wendung eines Oberflachenentwicklungsver- 
fahrens und 

Ermitteln (30) von Konturen der planaren 
Muster, die die Grenzen der entsprechenden 
Lagen sind. 

2. Verfahren nach Anspruch 1, wobei das Zerle- 
gen, ein Ableiten von zwei Satzen von ver- 
schachtelten Schalen (40), ein Satz, auf jeder 
Seite der Mittelflache (36), aufweist und das 
Ausklappen in planare Muster und das Ermit- 
teln von Konturen fur beide Satze ausgefuhrt 
wird. 

3. Verfahren nach Anspruch 1, wobei ferner die 
Lagen aus einer flexiblen ebenen Material- 
schicht ausgeschnitten und die Lagen gesta- 
pelt werden. 

4. Verfahren nach Anspruch 1 , wobei jede Schale 
eine Oberflache aufweist, die in Lappen unter- 
teilt wird, und das Oberflachenentwicklungsver- 
fahren ein Integrieren entlang Lappengrenzen 
und ein Einstellen von Anfangsbedingungen 
enthalt, um sicherzustellen, daG Endpunkte von 
unterschiedlichen Integrationspfaden zusam- 
menlaufen. 

5. Verfahren nach Anspruch 1, wobei der Bereit- 
stellungsschritt ein Ermitteln der Lage von er- 
sten und zweiten gekrummten auBeren Ober- 
flachen (34,35) aufweist und das Zerlegen des 
Teilemodells in dreidimensionale Schalen (40) 
ein Berechnen von Strecken (38) von den au- 
Beren Oberflachen zu der Mittelflache an ei- 
nem Netzwerk von Punkten und ein Erzeugen 
von Konturen der Schalen durch Interpolieren 



(39) entlang den Strecken aufweist, wobei der 
Ausklappschritt ein Unterteilen jeder Schalen- 
flache in dreidimensionale Lappen (41) auf- 
weist, die zu zweidimensionalen ausgeklappten 
5 Flachen (41) zusammongefaBt und ausgerich- 

tet werden. 

6. Verfahren nach Anspruch 5, wobei die auBeren 
Oberflachen (34,35) doppelt gekrummt sind 

70 und die Entwicklung ein Integrieren entlang 

Lappengrenzen und Einstellen von Anfangsbe- 
dingungen enthalt, um sicherzustellen, daB die 
Endpunkte von unterschiedlichen Integrations- 
pfaden zusammenlaufen. 

75 

7. Verfahren nach Anspruch 6, wobei Oberflachen 
auBerhalb der Grenzlinie von jeder Lage ge- 
trimmt werden. 

20 8. Verfahren nach Anspruch 7, wobei die Lappen- 
grenzen verformt und verschmolzen werden, 
um eine kontinuierliche Lage zu bilden. 

9. Verfahren nach Anspruch 1 , wobei die Schalen 
25 (40) alle die gleiche Dicke haben. 

10. verfahren nach Anspruch 1, wobei die Lagen- 
muster aus ebenen Schichten von im voraus 
getranktem Material ausgeschnitten und die 

30 Lagen gestapelt werden. 

Revendications 

1. Procede informatise pour generer des patrons 
35 formes de plis et destine a etre utilise pour 

fabriquer des pieces industrielles (20), par em- 
pilage et reunion d'une pluralite de plis (26), 
comprenant : 

I'obtention (27), dans un ordinateur, d'un 
40 modele plein tridimensionnel de la piece et 

une surface mediane (35) de cette derniere; 

la decomposition (28) dudit modele de la 
piece en enveloppes emboltees (40) chacune 
ayant une epaisseur a peu pres egale a 
45 I'epaisseur nette des plis; 

et caracterise en ce que : 

on deplie (29) successivement lesdites en- 
veloppes en patrons plans respectifs en utili- 
sant une procedure de developpement de sur- 
50 face; et 

on determine (30) les contours des patrons 
plans qui sont les limites des plis respectifs. 

2. Procede selon la revendication 1, dans lequel 
55 ladite decomposition comprend I'obtention de 

deux ensembles d'enveloppes emboltees (40), 
a raison d'un ensemble sur I'un ou I'autre cote 
de ladite surface mediane(36), et ledit depliage 
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en patrons plans ainsi que la determination 
des contours sont effectues pour les deux en- 
sembles. 

3. Procede selon la revendication 1, comprenant 5 
en outre le decoupage des plis dans une feuil- 

le plate de matiere flexible et I'empilage des 
plis. 

4. Procede selon la revendication 1, dans lequel w 
chaque enveloppe a une surface qui est divi- 

see en secteurs, et ladite procedure de deve- 
loppement de surface comprend ('integration le 
long des bords des secteurs et I'ajustement 
des conditions initiales pour que les points 75 
d'extremite des differents chemins d'integra- 
tion convergent a coup sur; 

5. Procede selon la revendication 1, dans lequel 
I'etape d'obtention de modeles comprend la 20 
determination de I'emplacement des premiere 

et seconde surfaces exterieures courbes (34, 
35) et la decomposition dudit modele de piece 
en enveloppes tridimensionnelles (40) compre- 
nant le calcul de distances (38) a partir desdi- 25 
tes surfaces exterieures jusqu'a ladite surface 
mediane au niveau d'un reseau de points et la 
production des contours desdites enveloppes 
par interpolation (39) le long desdites distan- 
ces; I'etape de depliage comprend la division 30 
de chaque surface d'enveloppe en secteurs 
tridimensionnels (41) qui sont cartographies 
suivant des surfaces bidimensionnelle depliees 
(41') et alignes. 

35 

6. Procede selon la revendication 5, dans lequel 
lesdites surfaces exterieures (34, 35) sont 
courbees doublement et ledit developpement 
comprend I'integration le long des bords des 
secteurs et I'ajustement des conditions initiales 40 
pour que les points d'extremite des differents 
chemins d'integration convergent a coup sur; 

7. Procede selon la revendication 6, comprenant 

en outre I'ajustement des surfaces situees a 45 
I'exterieur des limites de chaque pli. 

8. Procede selon la revendication 7, comprenant 
en outre la deformation des bords des sec- 
teurs et leur fusion pour former un pli continu. 50 

9. Procede selon la revendication 1, ou lesdites 
enveloppes (40) ont toutes la meme epaisseur; 

10. Procede selon la revendication 1, comprenant 55 
en outre le decoupage des patrons formes par 

des plis dans des feuilles plates de la matiere 
pre-impregnee et I'empilage des plis; 
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